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The T-domain transcription factors, Tbx5 and Tbx4, play important roles in vertebrate limb and heart development. To identify interacting
and potential Tbx-regulating proteins, we performed a yeast two-hybrid screen with the C-terminal domain of Tbx5 as bait. We identified a
new PDZ-LIM protein composed of one N-terminal PDZ and three C-terminal LIM domains, which we named chicken LMP-4. Among the
Tbx2, 3, 4, 5 subfamily, we observed exclusive interaction with Tbx5 and Tbx4 proteins. Tbx3 nor Tbx2 can substitute for LMP-4 binding.
While chicken LMP-4 associates with Tbx5 or Tbx4, it uses distinct LIM domains to bind to the individual proteins. Subcellular co-
localization of LMP-4 and Tbx proteins supports the protein interaction and reveals interference of LMP-4 with Tbx protein distribution,
tethering the transcription factors to the cytoskeleton. The protein–protein interaction indicates regulation of Tbx function at the level of
transcription factor nuclear localization. During chicken limb and heart development, Tbx5/LMP-4 and Tbx4/LMP-4 are tightly co-expressed
in a temporal and spatial manner, suggesting that they operate in the same pathway. Surprisingly, chicken LMP-4 expression domains outside
those of Tbx5 in the heart led to the discovery of Tbx4 expression in the outflow tract and the right ventricle of this organ. The Tbx4-
expressing cells coincide with those of the recently discovered secondary anterior heart-forming field. The discrete posterior or anterior
expression domains in the heart and the exclusive fore- or hindlimb expression of Tbx5 and Tbx4, respectively, suggest common pathways in
the heart and limbs. The identification of a new Tbx5/4-specific binding factor further suggests a novel mechanism for Tbx transcription
factor regulation in development and disease.
D 2004 Elsevier Inc. All rights reserved.Keywords: Limb development; Cardiac development; Pattern formation; Protein interaction; Tbx4; Tbx5; LMP-4; Yeast two-hybrid; GST co-precipitation; In
situ hybridization
Introduction 1997; Gibson-Brown et al., 1996; Khan et al., 2002; Li etUntil recently, little was known about the molecular
basis for the morphological differences between forelimbs
(arms) and hindlimbs (legs). The identification of the
forelimb-specific Tbx5 and the hindlimb-specific Tbx4,
however, marked a turning point by providing candidate
genes for the control of limb-type identity (Basson et al.,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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proteins are members of a rapidly growing and highly
conserved family of transcription factors that share a
region of homology with the DNA-binding domain (T-
domain) of the mouse brachyury (or T) gene product
(Herrmann et al., 1990; Kispert and Herrmann, 1993).
To understand the function of Tbx5 and Tbx4, several
experiments, such as transplantations and the induction of
ectopic limbs in the chick, have been conducted to show that
Tbx5 and Tbx4 gene expression relates directly to the
identity of the limb-type (Gibson-Brown et al., 1998; Isaac
et al., 1998; Logan et al., 1998; Ohuchi et al., 1998).
Experiments in chicken embryos suggested that forced
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the forelimb can at least in part reprogram skeletal and
muscle elements into the opposite limb type (Logan and
Tabin, 1999; Rodriguez-Esteban et al., 1999; Takeuchi et
al., 1999). Based on this experimental work, Tbx4 and Tbx5
are considered to play a role in the specification of limb-type
identity.
Recent data from gain- and loss-of-function approaches
in zebrafish and chick embryos (Ahn et al., 2002; Ng et
al., 2002), as well as mouse embryos lacking Tbx5
(Agarwal et al., 2003; Rallis et al., 2003) suggest a
complex interplay of Tbx5, Wnt2b, and Fgf10. While there
are some discrepancies regarding the type of Wnt molecule
and/or the hierarchy of these molecules in the animal
models used, it is clear that Tbx5 also has a very early
function in forelimb initiation. In the prospective wing
territory of the chicken, Tbx5 transcription factors stimu-
late expression of the signaling molecules Wnt2b and
Fgf10, both of which in turn establish a positive feedback
loop and maintain Tbx5 expression. This signaling network
is apparently critical for continued limb outgrowth, and in
the absence of either factor, no limbs form (Agarwal et al.,
2003; Galceran et al., 1999; Kawakami et al., 2001; Rallis
et al., 2003; Sekine et al., 1999; Xu et al., 1998). Related
experiments using dominant negative constructs in the
chicken suggest similar functional roles for Tbx4, Wnt8c,
and Fgf10 in the legs (Takeuchi et al., 2003). Thus, the
specification of limb-type identity and limb initiation
appear to be linked functions, with Tbx5/4 as major but
probably not sole players.
As in the limbs, Tbx5 appears to be the earliest
determinant of vertebrate heart growth and has been
implicated in the regulation of cardiomyocyte proliferation
(Hatcher et al., 2001). In the mouse, Tbx5 is initially
expressed in a domain that corresponds to and is contig-
uous with the cardiac crescent and the forelimb field
(Bruneau et al., 1999). In zebrafish, Tbx5-expressing cells
are also initially arranged in two bilateral stripes, which
break up into an anterior group of cells contributing to the
heart primordium and a posterior group of cells migrating
towards the future pectoral fin bud (Ahn et al., 2002).
Evidence for coordinated development of heart and limbs
and the existence of a cardiomelic field also comes from
correlated heart/limb anomalies in Mendelian syndromes in
humans (Wilson, 1998).
Limb and heart patterning are multistep processes that
involve specification of the limb and heart fields, respec-
tively, establishment of defined signaling centers that glob-
ally inform cells of their position, interpretation of
positional signals, and regulated growth and differentiation.
The Tbx proteins are implicated in a pathway that controls
and regulates a cascade of molecular events in the cell;
however, very little is known about the steps involved. In
addition, it is not yet understood how the encoded Tbx
proteins interact in a molecular and cellular network to
execute their functions.Here, we describe the isolation of a novel chicken PDZ-
LIM domain protein in a two-hybrid screen using the
carboxyterminal domain of Tbx5 as bait. The exclusive
binding specificity, cellular co-localization and interference
with Tbx protein nuclear distribution, as well as co-expres-
sion with Tbx5 and Tbx4 in developing limbs and heart
suggest a role for this interacting protein in the regulation of
Tbx transcription factor activity.Materials and methods
Unless otherwise noted, all standard cloning techniques
were performed according to Sambrook et al. (1989). All
enzymes and molecular biology reagents were obtained
from Roche Molecular Biochemicals (Indianapolis, IN), or
as indicated.
Yeast two-hybrid library screen and liquid binding assay
To identify Tbx5-interacting proteins, we employed the
yeast two-hybrid system essentially as described by Golemis
et al. (1997). PCR fragments encompassing the carboxy-
terminal domains of chicken Tbx5, Tbx4, Tbx3, or Tbx2
were subcloned into the LexA DNA-binding-domain fusion
vector pMW103, thereby creating our ‘bait’ constructs. The
Tbx baits were transformed into Saccharomyces cerevisiae
EGY191 (two lexA operators) by the standard Lithium
acetate method to give His, Leu prototrophs. Transformants
were tested for expression of the LexA–Tbx fusion protein
by immunoblotting using anti-Tbx4/5 or anti-lexA anti-
bodies. As ‘prey’, we employed a chicken limb bud (st.
22–24) cDNA library fused to the B42 activation domain in
the pJG4-5 vector. The EGY191 yeast cells transformed
with the Tbx5 bait were cotransformed with the prey cDNA
library, and the pRB1840 lacZ reporter plasmid (one lexA
operator). Approximately 2  106 yeast transformants were
selected for 5 days on glucose plates lacking His, Trp, Leu,
and Ura. Colonies were re-screened for interaction of bait
and prey using a dual selection based on growth on Leu
plates and h-galactosidase (h-gal) activity on X-GAL plates.
Colonies that were Leu+ and blue were selected for quan-
titative liquid h-gal assays according to Serebriiskii and
Golemis (2000). Potential positive clones were sequenced
from both 5V- and 3V-ends, and sequences were compared
with the NCBI database.
Preparation of recombinant fusion proteins in Escherichia
coli and GST pull-downs
Chicken Tbx3, Tbx4 and Tbx5 carboxyterminal protein
domains were expressed as T7/His6-tagged fusions in the
pET-21b vector (Novagen, Madison, WI), and the various
chicken LMP-4 constructs were expressed as GST fusion
proteins in the pGEX-4T-1 vector (Pharmacia, Piscataway,
NJ). BL21(DE3) E. coli cells at an OD600 of about 0.5 were
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(IPTG) at 30jC for 3 h to express the respective constructs.
Cells were lysed by sonication in phosphate-buffered saline
(PBS) containing 1 mM DTT, 5 mM EGTA, 20 mM MgCl2,
1 EDTA-free protease inhibitor mix, and 0.1% Tween-20.
The lysate was centrifuged at 35,000 rpm for 45 min at 4jC.
Tbx lysates were precleared with glutathione-Sepharose 4B
beads (Pharmacia) to remove endogenous GST proteins.
LMP-4 lysates were rocked for 1 h at 4jC with beads
blocked with 50% calf serum. The LMP-4-bound beads
were washed twice in wash buffer (PBS with 5 mM EGTA
and 20 mM MgCl2), and then rocked with Tbx lysates
(diluted in wash buffer with 10% glycerol) for 1 h at 4jC.
Following two washes with wash buffer, the GST com-
plexes were eluted from the beads with 10 mM glutathione
at pH 7.4 or by boiling at 100jC in protein gel loading
buffer. Bound Tbx proteins were visualized by Western blot
via ECL (Pierce Biotechnology Inc., Rockford, IL) with
rabbit polyclonal anti-Tbx4, anti-Tbx5 (Khan et al., 2002),
anti-His6 (Pharmacia) and anti-T7 antibodies (Novagen).
Blots were stripped 30 min at 50jC in Tris buffer with
2% SDS and 100 mM h-mercaptoethanol, and GST proteins
were detected with anti-GST antibodies (Pharmacia).
Cell culture and transfection
COS-7 cells were grown to 80% confluency in DMEM
supplemented with 10% fetal calf serum, 1% L-glutamine,
and penicillin-streptomycin. Cells were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with N-
terminally fused EGFP-Tbx5 or EGFP-Tbx4 and HcRed-
LMP-4 for direct fluorescence analysis. Transfections were
also performed using C-terminally tagged Tbx5-FLAG or
Tbx4-FLAG and Myc-LMP-4 for indirect fluorescence
observation. FLAG and Myc epitopes were detected using
anti-FLAG M2 (Sigma, St. Louis, MO) and anti-c-Myc
9E10 (Sigma) antibodies, respectively. F-actin was stained
with Alexa 488-phalloidin (Molecular Probes, Eugene,
OR). Cells were fixed in 3% PFA and visualized by
confocal microscopy. The 1% Triton X-100 treatment was
performed as described (Vallenius and Makela, 2002).
Vector-transfected cells were used as negative controls in
image analyses.
Chicken embryos
All chicken embryos used in the experiments were White
Leghorn chickens obtained from Charles River SPAFAS
(Boston, MA). Eggs were incubated at 37.5jC for 2 to 7
days, and embryos were dissected out and cleared of
membranes in PBS. All embryos were staged according to
Hamburger and Hamilton (1951) (HH). Embryos to be used
for in situ hybridization were fixed overnight in 4% Para-
formaldehyde in PBS (PFA) at 4jC. For RT-PCR, limb
regions were excised from embryos, frozen on dry ice, and
stored at 80jC.Whole mount in situ hybridization
Whole mount in situ hybridizations were performed in an
INTAVIS InSitu Pro (San Marcos, CA) essentially as
described (Logan et al., 1998; Nelson et al., 1996). Avoiding
the conserved T-box, the Tbx4 and Tbx5 antisense probes
contain the 3Vuntranslated regions and most of the trans-
activation domains. The chicken LMP-4 antisense probe
spans the entire open reading frame of the gene. Specific
probe hybridization was visualized with the NBT/BCIP
staining protocol, which produces a blue/purple precipita-
tion product. Sense RNA probes were used as controls to
determine specific hybridization.
Post whole mount in situ sectioning
After whole mount in situ hybridization, stained em-
bryos were washed into PBS, then incubated in 5%
sucrose in PBS followed by an overnight incubation in
15% sucrose at 4jC. The embryos were then incubated
overnight at 37jC in gelatin. Embryos were embedded in
fresh gelatin, frozen in a methanol/dry ice bath, and stored
at 80jC. Ten-micron cryosections were prepared and
imaged at 20 magnification.
RNA preparation and RT-PCR expression analysis
Chicken wing and leg regions at HH stages 9, 11, 13, 15,
and 17 were collected as described above. Total RNA was
prepared from 30 mg tissue using the RNAeasy miniprep
protocol including DNase treatment (QIAGEN, Valencia,
CA), and stored at 80jC. Extracted RNAwas quantified at
an optical density of 260 nm and tested for integrity in a
denaturing agarose gel.
Probe and primer sets were designed for b-actin, Tbx4,
Tbx5 and LMP-4 using Primer Express software (Applied
Biosystems, Foster City, CA). The Tbx4 and Tbx5 probes
and primers were designed for their transactivation domains,
and the LMP-4 probe and primers for the proline-rich region
between the PDZ and LIM domains. Employed oligonucleo-
tides specific for the individual genes were: b-actin: (FWD)
5V-GATATTGCTGCGCTCGTTGTT, (REV) 5V-
CTGTCTTTCTGGCCCATACCA; (PROBE) 5V-
TCCGGTATGTGCAAGGCCGGTTT; Tbx4: (FWD) 5V-
CAGCCACTTCAGCGTCTACAAC, (REV) 5V-ACG-
GACGGATGCACTCTTTC, (PROBE) 5V-CAGTCT-
CAGGTTCGGGAGCGTGTC; Tbx5 : (FWD) 5V-
AACAGGGACTGAACACTTCGTACA, (REV) 5V-GGAG-
CAGAGCTGGCGTACAT, (PROBE) 5V-CAGCC-
CAGCGCCAGGCATG ; LM P - 4 : ( FWD ) 5 V-
CCTGGGCTGGTGACGAAAC, (REV) 5V-GGCCAAT-
CCTGGTTCTGTCTT, ( PROBE ) 5 V- AGCAC -
AATGGCCAGGTCTCCGTAC.
RT-PCR was performed in an ABI Prism 7700 se-
quence detector using Taqman reagents (both from Ap-
plied Biosystems, Foster City, CA) essentially as described
iology 273 (2004) 106–120
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RNA were used in a 50 Al reaction as follows: Reverse
transcription (RT): 48jC for 30 min, 95jC for 15 min;
PCR: 40 cycles of 95jC for 15 s and 59jC for 1 min.
During linear amplification, aliquots were removed for
Tbx4, Tbx5, LMP-4 (after 28 cycles) and b-actin (after
24 cycles), and analyzed on 4% agarose gels to confirm
that a single product of expected size was amplified. Band
intensities were measured with an Alpha Imager (Alpha
Innotech., San Leandro, CA). Reactions were run in
triplicate from two different RNA preparations, including
no RT and no template controls.Results
Isolation and characterization of Tbx binding proteins
In alignments of Tbx proteins in different species, we
have identified distinct and highly conserved Tbx4- and
Tbx5-specific amino acid residues, particularly in the C-
terminal transactivation domains (Khan et al., 2002; Simon,
1999). Guided by the hypothesis that these distinct motifs
may have functional significance in binding accessory
proteins, we performed a yeast two-hybrid screen (Golemis
et al., 1997) with the chicken Tbx5 C-terminal domain as
bait. Using h-gal liquid assays (Serebriiskii and Golemis,
2000), 19 potential Tbx5-binding partners were re-screened
with Tbx5 and in addition as controls chicken Tbx4, Tbx3,
and Tbx2, which belong to the same Tbx subfamily (Simon,
1999). For further studies, we selected clone II-3.48, which
interacted specifically with Tbx5 and surprisingly with Tbx4
as well. In contrast, the less structural conserved Tbx2 and
Tbx3 did not demonstrate binding, or their interaction was
significantly weaker and below the detection level of the
assay (data not shown).
Chicken LMP-4 is a novel member of the PDZ-LIM family
of proteins
Clone II-3.48 showed striking sequence homology to the
LIM domain, a well-documented protein–protein binding
motif (Bach, 2000). We performed 5VRACE to complete the
cDNA and acquire a full-length protein-coding region,
which spans 416 amino acids. The protein contains an N-
terminal PDZ domain, a large proline-rich intervening
sequence, and three C-terminal LIM domains (Figs. 1A,
C). BLAST searches and phylogenetic tree analyses char-
acterized the chicken isolate as a close relative of human
Enigma/LMP-1, LMP-2, LMP-3, and rat LMP-1 proteins,
therefore placing it in the LIM mineralizing protein (LMP)
subfamily of PDZ-LIM proteins (Fig. 1B).
The PDZ and LIM domains of our isolate are highly
homologous to those of human LMP-1 and LMP-2. How-
ever, considerable sequence differences among the LMP
proteins occur within the proline-rich region. Because ourisolate does not closely identify with any of the LMP
variants, we have designated it as chicken LMP-4.
LMP-4 interacts specifically with the transactivation
domains of Tbx5 and Tbx4, but not Tbx3
To further demonstrate interaction of chicken LMP-4
with Tbx proteins, we performed in vitro co-precipitation
experiments. In Fig. 2, a constant input of GST-LIM2/3
(the original yeast two-hybrid isolate II-3.48, which con-
tains only LIM domains 2 and 3) was bound to glutathi-
one Sepharose beads and incubated with increasing
amounts of E. coli lysates containing T7/His6-tagged
Tbx3, Tbx4, or Tbx5 proteins. After several washes, the
proteins were eluted from the beads and analyzed with
various antibodies by Western blot. As shown in Figs. 2A
and B, Tbx4 and Tbx5 co-precipitated with GST-LIM2/3,
demonstrating interactions of the two transcription factors
with LMP-4. In addition, increasing the amount of input
Tbx proteins yielded concurrent higher levels of Tbx co-
precipitations. The Tbx proteins alone did not co-precip-
itate with the glutathione beads, and reprobing the blots
with anti-GST antibodies verified the presence of GST-
LIM2/3 in the reaction. While anti-GST antibodies con-
firmed the presence of GST-LIM2/3 in the reaction, an
interaction between GST-LIM2/3 and Tbx3 could not be
observed (Fig. 2C). The exclusive interaction of LMP-4
with Tbx5 and Tbx4 agrees with and confirms our yeast
two-hybrid data.
To identify the domains of LMP-4 involved in the
interaction with Tbx5 and Tbx4, various constructs contain-
ing the PDZ domain and proline-rich region, individual LIM
domains, or combinations of the LIM domains were gener-
ated (Fig. 3A). Saturating amounts of the various GST-
tagged LMP-4 protein domains were bound to the beads and
subsequently incubated with constant concentrations of
Tbx5 and Tbx4 lysates. Fig. 3B demonstrates that Tbx5
binds to GST-tagged LIM2/3, LIM1/2/3, and LIM3. How-
ever, no co-precipitations of Tbx5 with GST-tagged LIM1,
LIM2, LIM1/2, or the PDZ/proline rich domains were
detected, indicating that LIM domain 3 is necessary and
sufficient for a Tbx5/LMP-4 interaction. Tbx4, however,
demonstrates a different binding profile. In Fig. 3C, Tbx4
co-precipitates with the LIM1/2/3, LIM2/3, LIM1/2, and
LIM2 GST fusions, but not with LIM1, LIM3, or the PDZ/
proline-rich domains, which suggests that LIM domain 2 is
responsible for the interaction between Tbx4 and LMP-4. In
some cases, we observed that the recombinant Tbx4 pro-
teins ran as lower molecular-weight bands (Fig. 3C, lanes 4,
5, and 7). The differences may be due to conformational
changes or partial degradations, although the alterations did
not affect the performance of the co-precipitations. Both
Tbx5 and Tbx4 did not interact with GST alone, and neither
protein bound to GST-tagged Zyxin, another member of the
LIM-domain protein family (Schmeichel and Beckerle,
1994). Collectively, our co-precipitation results are in agree-
Fig. 1. Chicken LMP-4 is a novel PDZ-LIM protein with two separate functional domains. (A) General architecture and domain arrangement of chicken LMP-4.
Protein-coding regions are indicated by a bar, and functional domains are shaded. The 5’ and 3’ untranslated regions are represented by a solid line. (B)
Phylogenetic tree of PDZ-LIM proteins. Amino acid sequences of various PDZ-LIM proteins in several species were compared in a phylogenetic tree using
MacVector 7.0 software (Oxford Molecular Company, Madison, WI). Chick LMP-4 is boxed; note its location on a unique branch within the cluster of LMP
proteins. Gg =Gallus gallus; Hs =Homo sapiens; Mm =mus musculus; Rn = Rattus norvegicus. Genbank accession numbers for all sequences are as follows: Gg
Zyxin, A44358; Hs LMP-1, NP_005442; Hs LMP-2, AAK30568; Hs LMP-3, AAK30569; Gg LMP-4, AY376690; Mm Cypher, NP_036048; Mm ENH1,
NP_062783; Mm ENH2, NP_062783; Mm ENH3, NP_072048; Mm Oracle-1, AAF33847; Mm Oracle-2, AAF33848; Rn ENH, NP_445778; Rn LMP-1,
AAD13197. (C) Amino acid sequence alignment of LIM domains from chick LMP-4, closely related human LMP-2, and more distant relative chicken Zyxin.
Conserved residues between LIM domains are indicated by shading. The general LIM domain consensus (CX2CX17 – 19HX2CX2CX2CX16 – 20 CX2C/D/H, from
Dawid et al., 1995) verifies the sequences as LIM domains. The (*) symbol indicates residues that may consist of either C, D, or H.
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strate that LMP-4 interacts selectively with Tbx5 and Tbx4.
LMP-4 localizes Tbx5 and Tbx4 to actin filaments
The results of our in vitro interaction studies require that
both LMP-4 and Tbx5/4 localize to the same cellular
compartment. To show this, COS-7 cells were transiently
co-transfected or transfected individually with full-length
constructs of EGFP-Tbx5 or EGFP-Tbx4 and HcRed-LMP-4, and processed for direct fluorescent confocal microscopy.
Control transfections of the fluorescent protein-expressing
vectors did not show specific localization of either EGFP or
HcRed (data not shown). As expected, the Tbx5 transcrip-
tion factor accumulates in the nucleus of the cell (Fig. 4A
inset). However, in double transfected cells Tbx5 and LMP-
4 demonstrate clear co-localization to cytoplasmic sites
(Figs. 4A–C). Tbx4 behaved in a similar fashion as Tbx5
and in combination with LMP-4 it was localized to cyto-
plasmic sites (Figs. 4D–F). These cellular observations
Fig. 2. Chicken LMP-4 co-precipitates specifically with Tbx5 and Tbx4
proteins. E.coli lysates containing the T7/His6-tagged Tbx and GST-LIM2/3
proteins were combined to display an interaction in GST ‘pull-down’
assays. Lanes 1 and 2 are Tbx and GST-LIM2/3 positive controls,
respectively, which demonstrate antibody specificity. Lanes 3 and 7 contain
Tbx or GST-LIM2/3 incubated alone with the beads to control for
nonspecific protein binding. Lanes 4–6 are GST-LIM2/3/Tbx incubated in
1:1, 1:2, and 1:4 ratios, respectively. (A) Tbx5 binds to GST-LIM2/3. Co-
precipitated Tbx5 is detected on the Western blot with anti-Tbx5 or anti-
His6 antibodies. Anti-GST antibodies demonstrate constant amounts of
input GST-LIM2/3 protein. (B) Tbx4 associates with GST-LIM2/3. Anti-
Tbx4 antibodies detect co-precipitated Tbx4. Constant amounts of input
GST-LIM2/3 protein were confirmed with anti-GST antibodies. (C) Tbx3
and GST-LIM2/3 do not interact. Because anti-Tbx3 antibodies were
unavailable, the blot was processed with anti-His6 antibodies to detect co-
precipitated Tbx3. Anti-GST antibodies verify the presence of GST-LIM2/3
protein in the reaction. All blots in (A)– (C) were stripped between the
various antibody detection reactions.
Fig. 3. Identification of the domains of chicken LMP-4 that associate with
Tbx5 and Tbx4. E. coli lysates containing T7/His6-taggedTbx and GST-
LMP-4 peptides were combined to display an interaction in GST ‘pull-
down’ assays. In (B) and (C), lanes 1 and 2 control for Tbx antibody
specificity and nonspecific protein binding, respectively (LMP-4 controls
not shown). Lanes 3–11 display co-precipitations of Tbx5 or Tbx4 with the
various LMP-4 peptides, as well as the GST fusion protein and the distantly
related LIM protein Zyxin. (A) LMP-4 constructs generated as GST fusions
to detect the domains that interact with Tbx4 and Tbx5. (B) Tbx5 co-
precipitates with LIM2/3, LIM1/2/3, and LIM3 and is detected with anti-
Tbx5 antibodies. (B) Tbx4 associates with LIM2/3, LIM1/2, LIM1/2/3, and
LIM2 and is detected with anti-Tbx4 antibodies. Blots in (B) and (C) were
reprobed with anti-GST antibodies to verify the presence of the various
input LMP-4 peptides (data not shown).
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next wished to determine if LMP-4 was associated with the
actin cytoskeleton since other PDZ-LIM family members
have been found to interact with F-actin-associated proteins
(Guy et al., 1999; Nakagawa et al., 2000; Vallenius et al.,
2000). In HcRed-LMP-4 transfected cells, we detected
LMP-4 fusion proteins in the cytoplasm, associated with
phalloidin-labeled actin stress fibers (Figs. 4G–I). Thus,
presumably through its interaction with LMP-4, Tbx5 and
Tbx4 were co-localized to actin filaments. To test this
directly, cells were co-transfected with epitope-tagged
Tbx5-FLAG or Tbx4-FLAG and LMP-4-Myc, and pro-
cessed for indirect fluorescent confocal analysis. In addition,
the cells were subjected to detergent extraction to enhance
visualization of actin stress fibers (Vallenius and Makela,
2002). Tbx5 was observed in the nucleus and also associ-
ated with actin filaments (Figs. 4J–L). Likewise, Tbx4 was
Fig. 4. Chicken LMP-4 localizes Tbx5 to actin filaments. COS-7 cells co-transfected with HcRed-LMP-4 and EGFP-Tbx5 (A–C) or EGFP-Tbx4 (D–E).
EGFP-Tbx5 revealed nuclear and cytoplasmic distribution (A), whereas as HcRed-LMP-4 localized only to cytoplasmic sites (B). The merged image displays
co-localization of Tbx5 and LMP-4 proteins outside the nucleus (C). Cells transfected with EGFP-Tbx5 alone show exclusive nuclear distribution of Tbx5
(arrowhead and inset in panel A). EGFP-Tbx4 revealed similar localization in the nucleus and cytoplasm (D) while HcRed-LMP-4 again was localized at
cytoplasmic sites (E); and both proteins co-localized to cytoplasmic sites (F). COS-7 cells transfected with HcRed-LMP-4 (G–I). Cells stained for actin as
visualized with Alexa 488 phalloidin (G) and HcRed-LMP-4 (H). Merged image shows that localization of LMP-4 overlaps with actin cytoskeleton (I). COS-7
cells co-transfected with Tbx5-FLAG and LMP-4-Myc (J–L). Cells were stained for actin (J) and for Tbx5-FLAG using monoclonal anti-FLAG (K). The
merged image demonstrates Tbx5 co-localization with actin (L). COS-7 cells co-transfected with Tbx4-FLAG and LMP-4-Myc (M–O). Cells were stained for
actin (M) and for Tbx4-FLAG (N). As with Tbx5, the merged image demonstrates Tbx4 co-localization with actin (O). Scale bar = 20 Am.
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being localized to the nucleus (Figs. 4M–O). The Tbx/actin
co-localization was only observed in the presence of LMP-
4, while Tbx5 and Tbx4 alone localize to the nucleus (Fig. 4
insets A and D; arrowhead A). While Tbx5 and Tbx4 can
relocate from nuclear to cytoplasmic sites, we have notdetected signs of LMP-4 in the nucleus. Cells transiently
transfected with a vector control did not reveal significant
fluorescence (data not shown). We conclude that the precise
co-localization of LMP-4 and Tbx5/4 and the Tbx protein
distribution change from predominantly nuclear to cytoplas-
mic actin filaments is the result of a physical interaction.
Fig. 6. RT-PCR analysis of Tbx4, Tbx5, and LMP-4 expression in early-
stage chicken embryos. RT-PCR analysis of Tbx4, Tbx5, LMP-4, and
control b-actin expression in dissected presumptive fore- and hindlimbs at
developmental stages 9, 11, 13, 15, and 17. The number of PCR cycles was
optimized for each gene so that no products were saturated. An average of
at least three independent experiments is presented. In the agarose gel
system the DNA bands have a slightly different appearance due to different
PCR product sizes. Note that Tbx4 and Tbx5 expression is specifically
detected in the hindlimb or forelimb fields, respectively, while LMP-4 is
expressed in both limb fields at all stages examined.
ntal Biology 273 (2004) 106–120 113LMP-4 mRNA in the developing limbs co-expresses with
Tbx5 and Tbx4
Tbx proteins and LMP-4 must be expressed at the same
time in the same tissues and cells to interact during
development. We therefore analyzed the temporal and
spatial Tbx4, Tbx5, and LMP-4 expression patterns by
whole mount in situ hybridization (Wilkinson and Nieto,
1993) in chicken embryos between stages 15 and 32
(Hamburger and Hamilton, 1951). In examinations of
several limb bud stages, it was evident that LMP-4 co-
expresses with Tbx4 and Tbx5 (Fig. 5). Like Tbx4 and
Tbx5, which at early developmental stages mark the cells
of the lateral plate mesoderm that contribute to the limb
buds (Gibson-Brown et al., 1998; Isaac et al., 1998; Logan
et al., 1998; Ohuchi et al., 1998), LMP-4 is expressed in
the presumptive fore- and hindlimb fields as visualized by
careful microscopic inspection (Figs. 5A, F, K), and RT-
PCR (Fig. 6). LMP-4 continues to be expressed in the limb
mesenchyme throughout forelimb and hindlimb bud out-
growth (inset in Figs. 5C, H, M, and data not shown). The
overlap of expression persists into later development, when
LMP-4 expression mirrors the Tbx4 and Tbx5 domains in
every detail. We also observed a reduced expression of all
three genes at late stages in the prechondrogenic conden-
sations without a change in the interdigital mesodermal
‘‘web’’ regions (Figs. 5E, J, O). Sense probe hybridization
A. Krause et al. / DevelopmeFig. 5. Expression patterns of Tbx4, Tbx5, and LMP-4 in developing chicken w
hybridization in stage 15, 18, 25, 29, and 32 chick embryos. Embryos are lying on l
or Tbx4 (K–O) are indicated by the purple alkaline phosphatase reaction product. W
A, F, and K. Insets in C, H, and M show higher magnifications of transverse secti
LMP-4 expression in the heart and eye as well (G). In the heads of some samplecontrols did not reveal staining above background (data
not shown).
Whole mount in situ hybridization experiments have
shown that the onset of Tbx4 and Tbx5 expression occurs
between stages 14 and 15 (Gibson-Brown et al., 1998; Isaac
et al., 1998; Logan et al., 1998; Ohuchi et al., 1998), and
recent work with quantitative RT-PCR has more accuratelying and leg buds. mRNA expression visualized by whole mount in situ
eft side with head at top. Expression domains of Tbx5 (A–E), LMP-4 (F–J),
hite arrows indicate locations taken for insets with higher magnification in
ons of limb buds. Black arrowheads indicate the unstained epidermis. Note
s, non-specific background staining was observed (A, B, H, K).
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fields during stage 13 (Saito et al., 2002). To address whether
LMP-4 co-expresses with Tbx4 and Tbx5 at these early
developmental stages, we employed semi-quantitative RT-
PCRwith dissected wing/leg regions of chick embryos. Since
Tbx and LMP-4 genes belong to gene families, we confirmed
in BLAST searches the specificity of the employed oligonu-
cleotides for their respective target gene and, in addition to the
band intensities, verified the expected amplification product
sizes after gel electrophoresis (Fig. 6). Signals for no RT and
no template controls were at or below background (data not
shown). In accordance with the earlier report from Saito et al.
(2002), we detected the onset of expression of Tbx5 in
presumptive forelimb and Tbx4 in presumptive hindlimb
tissue at stage 13. In addition, we found LMP-4 expression
in both presumptive limb tissues at stage 13, verifying that
LMP-4 overlaps with Tbx4 and Tbx5 in all stages of detect-
able expression. RT-PCR also confirmed our in situ hybrid-
ization results, demonstrating expression of LMP-4 in both
limbs at stages 15 and 17 (Figs. 5A, F, J).
Tbx5 and Tbx4 expression domains in the developing heart
co-localize with LMP-4 expression
In addition to the limbs, LMP-4 is also expressed in the
heart, which has previously been reported to express Tbx5
(Bruneau et al., 1999). To explore the regulation of LMP-4
in the developing heart, we performed in situ hybridizations.
In early chicken embryos, the developing heart is located
outside the body wall, which allows for the straightforward
detection of gene expression. However, at later develop-
mental stages, the heart becomes enclosed within the
chicken body, and reproducible detection of mRNA expres-
sion becomes difficult. We therefore dissected hearts out of
later-stage embryos and obtained in situ results identical to
those reported (Bruneau et al., 1999), suggesting that
performing in situ hybridizations on free hearts is a robust
method for generating heart gene expression data.
In the developing chicken heart, Tbx5 is initially expressed
in the entire bilateral cardiac primordium (Bruneau et al.,
1999; Srivastava and Olson, 2000), and we detected expres-
sion of Tbx5 and LMP-4 in the early heart (Figs. 5B, G).
However, by approximately stage 20, Tbx5 expression is
restricted to the left ventricle and both atria (Bruneau et al.,
1999; and Figs. 7A–C). This specific expression pattern
remains throughout further heart development (Figs. 7G–Fig. 7. Tbx4, Tbx5, and LMP-4 mRNA expression in developing chicken
hearts. mRNA expression visualized by whole mount in situ hybridization
in stage 22, 25, and 29 hearts shown from several angles. Hearts are
positioned with anterior to the top. Right ventricle (RV), left ventricle (LV),
right atrium (RA), left atrium (LA), and outflow tract (OT) are indicated.
Cells with purple alkaline phosphatase reaction product are positive for
Tbx5 (A–C, G–I, M–O), LMP-4 (D–F, J–L, P–R), or Tbx4 (S–U). The
strong atrial and left ventricle expression of Tbx5, as well as its exclusion
from the right ventricle and outflow tract are consistent with previous
reports (Bruneau et al., 1999).I), although by stage 29, Tbx5 expression has been reduced to
a lower level (Figs. 7M–O). Since we had identified LMP-4
based on its interaction with Tbx5 and given the strict co-
expression of LMP-4 and Tbx5 mRNA in the forelimbs, we
expected that the domains of LMP-4 expression would
Fig. 8. Tbx4 expression in cardiac tissue during chicken development. mRNA expression visualized by whole mount in situ hybridization. Chick embryos or
dissected hearts are positioned so that anterior is at the top and posterior at the bottom. Right ventricle (RV), left ventricle (LV), right atrium (RA), left atrium
(LA), and outflow tract (OT) are indicated. Tbx4-positive cells at developmental stages 21 (A), 25 (B), and 29 (C) are indicated by the purple reaction product.
White arrow in (A) indicates the band of Tbx4 expressing cells just anterior of the heart. Black arrow in (B) indicates Tbx4 expressing cells along the lateral side
of the embryo towards the dorsal side. Inset in (B) shows a heart dissected from a whole mount in situ to emphasize light expression in OT and RV, and to
provide a transition for the same view in (C).
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LMP-4, however, is surprisingly expressed in every cardiac
chamber and the outflow tract, despite the absence of Tbx5
expression in some areas of the heart (Fig. 7).
The incomplete overlap of LMP-4 and Tbx5 expression
domains suggested that there was another binding partner for
LMP-4 in the heart. Based on our binding results and earlier
expression studies in the mouse heart (Chapman et al., 1996),
we suspected Tbx4 as a candidate for co-expression with
LMP-4. Surprisingly, we were able to detect a new expres-
sion domain for Tbx4 in the outflow tract of the developing
heart at stage 29 by in situ hybridization. The strong Tbx4
expression in the outflow tract correlates with LMP-4 ex-
pression, and is outside of the domains of Tbx5 expression
(Figs. 7S, T, U). Careful examination also revealed that Tbx4
is expressed in the right ventricle, although at lower levels.
Having discovered unexpected Tbx4 expression in stage
29 cardiac tissue, we re-examined its expression profile at
earlier stages. We did not detect noticeable Tbx4 levels in
the developing heart at stages earlier than 25. However, at
stage 18 (Fig. 5L, and data not shown) and stage 21 (Fig.
8A), Tbx4 is expressed in a region immediately anterior and
lateral to the heart. Tbx4 expression remains in this anterior/
lateral domain at stage 25, and after careful inspection we
also detected expression in some cells of the outflow tract
and the right ventricle (Fig. 8B). As development proceeds,
the domain of Tbx4-expressing cells expands gradually
more posteriorly, and expressing cells are observed down
into the proximal outflow tract and the right ventricle (Fig.
8C, and data not shown). No Tbx5 expression was detected
at any stage in these anterior cardiac cells.Discussion
Chicken LMP-4 is a new member of the PDZ-LIM family of
proteins and interacts specifically with Tbx5 and Tbx4
Chicken LMP-4 belongs to a recently characterized
family of cytoplasmic PDZ-LIM proteins. Like the familymembers Enigma/LMP-1 (Boden et al., 1998; Wu and Gill,
1994), ENH (Kuroda et al., 1996), ZASP/Cypher1 (Faulk-
ner et al., 1999; Zhou et al., 1999), and Oracle (Passier et al.,
2000), chicken LMP-4 contains an N-terminal PDZ domain
and three C-terminal LIM domains. The PDZ domain is an
approximately 85-amino-acid h-barrel structure (Doyle et
al., 1996; Morais Cabral et al., 1996), whereas the LIM
domain is an approximately 50-amino-acid-long, cysteine-
rich module that forms a double zinc-finger-like structure
(Brown et al., 2001; Perez-Alvarado et al., 1994).
PDZ and LIM domains are proposed to function in the
assembly and disassembly of protein complexes (Bach,
2000; Fanning and Anderson, 1999). In Enigma, ALP, and
the ZASP/Cypher1 proteins, the PDZ domains facilitate
interaction with the cytoskeleton. Enigma binds to the
actin-binding protein skeletal h-tropomyosin (Guy et al.,
1999), whereas ALP, a muscle-specific PDZ-LIM family
member, associates with an abundant skeletal muscle actin-
binding protein, a-actinin-2 (Xia et al., 1997). LIM domains
are known to mediate protein interactions, and the close
family member Enigma binds to the insulin receptor, recep-
tor tyrosine kinases, and protein kinase C (Durick et al.,
1998; Kuroda et al., 1996; Wu and Gill, 1994).
Proteins containing LIM or PDZ domains play important
roles in fundamental biological processes including cyto-
skeleton organization, cell lineage specification, and organ
development (Bach, 2000; Dawid et al., 1998; Fanning and
Anderson, 1999). PDZ-LIM proteins are scaffolding pro-
teins, and as such the two modular protein interaction
motifs, PDZ and LIM, may enable chicken LMP-4 to form
protein complexes and potentially link Tbx transcription
factors with other cellular proteins.
Tbx5 has been shown to interact through its N-terminal
T-domain with the cardiac homeodomain protein Nkx2-5
(Bruneau et al., 2001; Hiroi et al., 2001) and the zinc-finger
transcription factor Gata4 (Garg et al., 2003). In both cases,
the cooperative binding of Tbx5 and Nkx2-5 or Gata4
resulted in synergistic transcriptional activation of heart-
specific gene promoters, indicating considerable complexity
in Tbx5 regulation of target genes. Here, we show the
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domains of Tbx5 and Tbx4, which suggests a very different
function, possibly in the regulation of transcription factor
activity. The distinct Tbx5- and Tbx4-specific residues in
this domain suggest differential binding, and this idea is
supported by our conclusive mapping of the interaction of
Tbx5 and Tbx4 to distinct subdomains of the LMP-4
protein. However, while LIM domain 2 and LIM domain
3 are necessary and sufficient for Tbx5 and Tbx4 binding,
respectively, the additional LIM domains may act coopera-
tively to ensure stable interactions.
Chicken LMP-4 co-localizes with Tbx5 or Tbx4 in cells and
is co-expressed in the limbs and heart
To provide a conceptual framework for their interaction,
we have expressed fluorescent fusion proteins of Tbx5/4
and LMP-4 in cells. Tbx5 and Tbx4 produced comparable
results suggesting conserved functions in a complex with
LMP-4. In agreement with other studies, Tbx5 transfected
into COS-7 cells reveals nuclear localization (Takeuchi et
al., 1999). In contrast, our studies also demonstrate Tbx5 co-
localization with the actin cytoskeleton when LMP-4 is
present. This indicates that LMP-4/Tbx protein interaction
interferes with the transcription factor’s default nuclear
localization. Thus, LMP-4 may regulate the transcription
factor availability in a cell. This hypothesis is strengthened
by the recent finding that human TBX5 nuclear localization
is not uniform during organogenesis (Collavoli et al., 2003).
LMP-4 is expressed in forelimbs and hindlimbs, the
heart, and the eye—all organs that have been previously
shown to express Tbx5 and/or Tbx4 (Bruneau et al., 1999;
Gibson-Brown et al., 1998; Logan et al., 1998). From early
pre-limb stages throughout later stages, when limbs clearly
differentiate into digits and toes, we observed strict temporal
and spatial co-expression of LMP-4 with its binding partners
Tbx5 or Tbx4. All three genes revealed reduced expression
in limb prechondrogenic condensations, while high levels of
gene expression remained in the interdigital mesenchymal
‘‘web’’ regions. The interdigital mesenchyme controls the
identity of individual digits by presumably modulating the
signaling of bone morphogenetic proteins (BMPs) (Dahn
and Fallon, 2000), and it may be that LMP-4/Tbx inter-
actions also have a role in digit specification. This is
especially likely since the PDZ-LIM family member rat
LMP-1 functions downstream of BMP-6 signaling (Boden
et al., 1998). Similarly, during heart development, LMP-4
mirrors the expression patterns of Tbx5 and Tbx4, and it
seems reasonable to speculate that balanced levels of the
binding partners are important for their function. Indeed,
misexpression of Tbx5 in developing chicken limbs or
chicken and mouse hearts results in limb truncations and
loss of ventricular trabeculations, respectively (Liberatore et
al., 2000; Rodriguez-Esteban et al., 1999).
Recent discoveries in cell signaling during development
have elucidated genetic networks where genes function inso-called synexpression groups. Member genes are not only
expressed in the same temporal and spatial pattern, but also
function in a common pathway (Fu¨rthauer et al., 2002;
Tsang et al., 2002). Based on this argument, and given the
closely related expression patterns of LMP-4/Tbx5 and
LMP-4/Tbx4, we speculate that chicken LMP-4 and its
binding partners Tbx5 or Tbx4 belong to and operate in
the same functional pathway.
A refined view for Tbx gene activity during heart
development
The initial events of heart development take place in
paired heart-forming fields in the anterior lateral region of
the embryo. Cells from this paired heart field contribute to
the early heart tube, and while the heart is growing into a
four-chambered structure it is thought that this heart-forming
field controls the development of such posterior elements as
the atria and left ventricle. Transcription factors including
Tbx5, Nkx2-5, and Gata4 are expressed in the paired heart-
forming fields and throughout the patterning of both atria
and the left ventricle. In addition, mouse embryos lacking
either factor reveal significant cardiac malformations, which
suggests essential roles for the transcription factors in these
processes (Bruneau et al., 2001; Kelly and Buckingham,
2002; Lyons et al., 1995; Srivastava and Olson, 2000).
Recently, a secondary heart-forming field originating
around stage 12 chick embryos in the anterior cardiogenic
mesoderm has been described, and cells from this region are
recruited into the developing outflow tract and right ventri-
cle (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al.,
2001). In support of this finding, we observed previously
unrecognized Tbx4-specific expression in a small band of
cells just anterior and lateral to the heart, beginning from at
least stage 18, which appears to be in the region of the aortic
sac and the anterior heart field (AHF) at early developmen-
tal stages. Like the AHF, the Tbx4 expression domain
extends dynamically, and at later stages, Tbx4-expressing
cells enter the outflow tract and right ventricle. Future
experimentation with cell-type specific marker genes will
clarify whether Tbx4 expression overlaps with the AHF or
may represent other cell types instead.
Tbx4 may function in progenitor cells of the AHF in the
same way that Tbx5 functions in progenitor cells of the
posterior heart-forming region. Tbx5 has the ability to
partner with other cardiac transcription factors and cooper-
atively regulates cardiac-specific genes (Bruneau et al.,
2001; Garg et al., 2003; Hiroi et al., 2001). These Nkx2-5
and Gata4 proteins are also expressed in cells originating
from the AHF (Lyons et al., 1995; Tanaka et al., 1999;
Waldo et al., 2001)), and given the virtual identity of the
Tbx4 and Tbx5 T-domain binding sites, they may interact
with Tbx4 to regulate downstream genes that are important
in the development of such anterior structures as the right
ventricle and the outflow tract. This hypothesis can be now
experimentally tested.
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the heart where we detect Tbx4 or Tbx5. LMP-4 protein may
be required for these cardiomyocytes to be competent to
correctly respond to Tbx4 and Tbx5 activity during heart
morphogenesis. If LMP-4 acts to regulate the activity of
Tbx4 and Tbx5, this may explain the observation that LMP-
4 is expressed in the outflow tract and right ventricle before
Tbx4 in the heart proper, where LMP-4 may help prepare the
anterior heart cells to become competent for Tbx4 function.
LMP-4 could act similarly with Tbx5 early in posterior heart
development. The idea that LMP-4 may be essential for Tbx
function is further supported by our data in the limbs, where
LMP-4 also precedes Tbx4 and Tbx5 expression.
Development and disease in the limbs and heart
Recent experimental work suggests a relationship be-
tween the limbs and the heart in development. Tbx2, 3, and
5 have been implicated in the development of the vertebrate
heart, and all of these are also central players in the
specification and patterning of the limbs (Gibson-Brown
et al., 1998; Isaac et al., 1998; Logan et al., 1998; Ryan and
Chin, 2003; Yamada et al., 2000). Fgfs also play important
roles in limb development by operating in the same regu-
latory pathway with Tbx4 and Tbx5 (Agarwal et al., 2003;
Martin, 1998; Rallis et al., 2003; Takeuchi et al., 2003), and
several have also been implicated in heart development
(Kelly et al., 2001). Interestingly, work in pre-limb stages
of the mouse and zebrafish indicates that the heart and the
forelimbs or pectoral fins may arise from a common Tbx5-
expressing population of progenitor cells at the midline
(Ahn et al., 2002; Bruneau et al., 1999). Our results further
expand the limb/heart relationship by showing chick LMP-4
expression in both the heart and limbs. In addition, the
newly identified expression of Tbx4 in the heart now places
this transcription factor within the group of heart and limb
developmental regulators.Fig. 9. Potential function of chick LMP-4. Like its family members, chick LMP
formation of protein complexes and potentially linking different signaling pathway
actin cytoskeleton and/or membrane-associated proteins, thereby potentially tetheri
and dissociation of such protein complexes may regulate Tbx5 or Tbx4 transc
environments.Clinical manifestations also support the existence of cells
and molecules common to heart and limb development. The
expression domains of Tbx5 in the forelimbs and heart, as
well as gene disruption experiments in the mouse explain
how the major defects of Holt-Oram syndrome (HOS) occur
in the upper limbs and left ventricle and both atria of the
heart (Bruneau et al., 2001). However, the right ventricle
and outflow tract remain unaffected in HOS. Numerous
reports on congenital heart disease involving outflow tract
defects (Ferencz, 1990; Kelly and Buckingham, 2002)
suggest that other factors contribute to the development of
the anterior heart structures. Our new Tbx4 expression data
in the heart point to Tbx4 as one such factor, particularly
since its temporal and spatial dynamic expression mirrors
the recruitment of AHF cells into the outflow tract and right
ventricle. This new possibility for Tbx4 as a developmental
regulator of the heart and the limbs, as well as the expres-
sion of chicken LMP-4 in the various chambers of the heart
and in both fore- and hindlimbs, may explain many heart/
limb syndromes beyond those seen in HOS (Wilson, 1998).
Tbx4 knockout mice have been recently described but
surprisingly do not reveal heart phenotypes (Naiche and
Papaioannou, 2003). These Tbx4-deficient mice have prob-
lems with the allantoic connection to the placenta and die
early in embryogenesis, and it is therefore possible that no
late heart phenotypes could be observed.
A hypothesis for LMP-4 function
Current data suggest that members of the PDZ-LIM
family of proteins play important roles as adaptors that
direct LIM domain-binding proteins to cytoplasmic sites to
mediate intracellular signaling. Rat LMP-1, for example, has
been implicated as a mediator in the BMP signaling path-
way in osteoblast differentiation (Boden et al., 1998). Based
on the behavior of its family members and the data pre-
sented here, chicken LMP-4 may serve as an adaptor by-4 is thought to function as a molecular scaffolding protein, enabling the
s (Bach, 2000; Fanning and Anderson, 1999). LMP-4 may associate with the
ng the Tbx transcription factors outside the nucleus. The dynamic formation
ription factor subcellular localization and activity in their respective cell
A. Krause et al. / Developmental Biology 273 (2004) 106–120118localizing Tbx5 or Tbx4 proteins to actin filaments and/or
submembrane sites (Figs. 4 and 9). In response to cell
surface receptor or other stimulation, the Tbx proteins might
then be released to their unbound ‘active’ form and trans-
locate to the nucleus. The localization of the transcription
factors away from the nucleus could have profound con-
sequences for the regulation of transcriptional activity. This
hypothesis can be tested, and future gain- and loss-of-
function experiments in combination with transcription
reporter assays will clarify this point. While Tbx4 and
Tbx5 activity would be affected in the heart and limbs,
the heart-specific transcription factors Nkx2-5 and Gata4, by
virtue of their association with the N-terminal domain of
Tbx5 and possibly Tbx4, may be regulated by LMP-4 as
well. The identification of the cardiac-specific binding
partners—and now LMP-4—indicates complex regulatory
networks of Tbx function and provides the first inroads into
their elucidation. These emerging data on the molecular,
cell, and disease levels establish a basis for parallel events in
limb and heart development, and suggest that common
regulatory pathways are crucial for proper differentiation
and growth of these embryonic structures.Acknowledgments
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